A large thin film sample of Fe x Cr 1−x alloy with a composition gradient ͑x = 0.38− 0.52͒ has been prepared by co-sputtering to investigate magnetic anisotropy and magnetization effects on reversal mechanisms. The single-phased Fe-Cr films have a bcc structure with ͓110͔ preferred orientation. Since the magnetization decreases as the Fe content is decreased and the uniaxial anisotropy energy keeps at almost constant, the uniaxial anisotropic field H K is increased. At the same time, the pinning field H p ͑0͒ changes little since the lattice constant of Fe-Cr alloy film does not change much with the composition. Consequently, the H K can be much larger than H p ͑0͒ for low Fe concentrations and becomes comparable with increasing Fe concentration. As a result, the magnetization reversal mechanism evolves from a mode based on the pinning and motion of domain wall to another mode based on modified Kondorsky model as the Fe content is increased.
I. INTRODUCTION
Metallic ferromagnetic films are of crucial importance because of their potential applications in magnetoelectronics and spintronic devices. In spin valves, for example, ferromagnetic layers with large asymmetry of spin-dependent scattering are required for high giant magnetoresistance ratio. In order to enhance the sensitivity of the device, small coercivity and uniaxial anisotropy are desired. More importantly, the control of the magnetization reversal process in free ferromagnetic layer can help to suppress the noise level caused by imperfect magnetization reversal. 1 For magnetic materials with uniaxial anisotropy, there are three mechanisms to describe magnetization reversal in magnetic single films, including coherent magnetization reversal, pinning and motion of domain wall, and the Kondorsky model. 2 In the coherent rotation model, the magnetization reversal is accompanied by the coherent rotation of magnetization under an external magnetic field. In the second model, the magnetization reversal is accomplished only through the motion of the domain wall when the pinning field of the domain wall H p ͑0͒ along the easy axis must be much smaller than the uniaxial anisotropic field H K ͑=2K U / M S ͒, where the K U is the induced uniaxial anisotropic energy and M S is the saturation magnetization. H p ͑0͒ is equal to the maximum of the first derivative of the areal domain wall energy with respective to the location. The switching field H S ͑ H ͒ is the magnetic field to overcome the irreversible motion of the domain wall and
3 It is usually found in single crystal materials with large intrinsic uniaxial anisotropy like CrO 2 , LaSrMnO 3 , barium ferrite, and some permanent magnetic materials. 2, [4] [5] [6] In addition to these two mechanisms, the Kondorsky model is developed to describe the magnetization reversal under the condition where the H p ͑0͒ and H K are comparable, and the above two magnetization reversal mechanisms coexist. Up till now, in most studies, the magnetization reversal mechanism has been studied case by case and few experimental studies have been performed on the evolution of the magnetization reversal mechanism in one system. On one hand, in most of the binary alloys of transition metals, magnetization can be tuned continuously through composition control, and thus these systems can provide important information on the evolution of magnetization reversal. 7 The uniaxial anisotropy can be induced in the alloy films by deposition magnetic field and have a maximal value at a certain composition. To achieve a wide enough expansion of H K , single phase alloys with a wide composition range and thus a wide magnetization range are desired. In this work, we have chosen metastable single-phased Fe-Cr alloy films as an example to study the evolution of the magnetization reversal mechanism with the alloy composition. It is well known that the Fe-Cr alloy exhibits antiferromagnetic, spin glass and ferromagnetic phases in the Fe concentration range from 0.5 to 30 at. %. 8, 9 For the Fe concentration higher than 30 at. %, the ferromagnetic phase can usually be observed. As the magnetization is decreased with decreasing Fe content, the magnitude of H K varies sharply with the composition. 10 On the other hand, since the lattice constant of the Fe-Cr alloys does not change significantly as a function of the alloy composition, the H p ͑0͒ of the domain wall displacement is expected to change little. Therefore, the magnetization reversal mechanism can be expected to change through modification of the ratio H p ͑0͒ / H K as a function of the alloy composition.
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II. EXPERIMENTS
A large sample ͑1 cmϫ 5 cm͒ of a Fe-Cr alloy film was deposited onto a glass substrate by a multisource sputtering system. The base pressure is 5 ϫ 10 −8 Torr and the Ar pressure is 5 mTorr during deposition. Instead of fabricating many Fe-Cr samples with different Fe-Cr compositions, which are susceptible to run-to-run variations, we have made a single specimen of Fe x Cr 1−x with a composition gradient by rf and dc sputtering of Fe and Cr targets, respectively. The composition changes from x = 0.38 to x = 0.52 across the length of 5 cm, approximately as a linear function of the location. At the same time, the film thickness also changes linearly from 36 to 25 nm. As buffer and coverage layers, two 30 nm thick Cu layers were deposited by dc sputtering. The deposition rates of the Fe-Cr and Cu layers are about 0.1 nm/s. The large specimen was then cut into many small samples along the gradient direction. The composition and thickness of each small sample are essentially constant. The microstructure of Fe-Cr films was characterized by x-ray diffraction ͑XRD͒. In-plane hysteresis loops of individual small samples were measured using a vibrating sample magnetometer ͑VSM͒ of Model 7407 from LakeShore Co. In-plane anisotropic properties were characterized by the ferromagnetic resonance ͑FMR͒ technique. FMR spectra were measured with a fixed microwave frequency of 9.78 GHz at varying azimuthal angles when the dc external field was kept in the film plane. All measurements were carried out at room temperature. Figure 1 shows the XRD spectra of Fe-Cr alloy films. There are three diffraction peaks from 2 = 35°to 55°. The peaks near 2 = 43°and 51°can be identified as Cu͑111͒ and Cu͑200͒, respectively. The small peak at the right-hand side of Cu͑111͒ does not shift with the composition. In principle, it can be attributed to either body-centered-tetragonal ͑bct͒ ͓110͔ preferred orientation of Fe-Cr alloys or bcc ͓110͔ preferred orientation of Fe-Cr, or pure Fe or Cr because they are located closely to each other. 11 However, the small peak should be bcc ͓110͔ preferred orientations of Fe-Cr alloys, as discussed below. In experiments, hysteresis loops of Fe-Cr films are squared along the easy axis as shown below. Especially, there is only one resonance peak in the FMR spectra when the external magnetic field is aligned along the film plane. It is a clear indication that there is only one phase in the Fe-Cr alloy films and no granular structure exists. Moreover, since the Curie temperature of bct Fe-Cr is lower than room temperature, it can also be excluded. 10 The present Fe-Cr films consist of bcc FeCr alloys. It is quite different from previously reported experiments, in which within the present range of Fe contents the Fe-Cr films consist of bcc and bct phases. 10 This might be related to either the effect of the Cu buffer layer or the co-sputtering technique.
III. RESULTS AND DISCUSSION
In order to get insight into the mechanism of the magnetization reversal, it is necessary to measure in-plane hysteresis loops of all samples at various orientations of the external magnetic field and to see the variation of the switching field H S , the coercivity H C , and the remanent ratio. It is noted that the magnetization at H C is equal to zero while dH / dM = 0 at the switching field H S . Figure 2 shows the typical hysteresis loops at various orientations for x = 0.38. For H = 0, the hysteresis loop is squared and then becomes more slanted with increasing H . One can find that for H = 0°, H C = H S , while for large H , H C Ͻ H S . With increasing H , the remanent ratio is decreased. Figure 3 shows the angular dependence of the in-plane normalized remanent ratio for Fe-Cr alloy films with different alloy compositions. It is noted that the remanent ratio is not equal to zero at H = 90°. For all samples, the experimental results ͑the squared symbols͒ coincide with the fitted results ͑the solid lines͒ of M r = cos H at all orientations, except for near H = 90°. This is because without an external magnetic field, the magnetization should be aligned along the easy axis and the remanent magnetization should be equal to the project of the saturation magnetization along the external magnetic field. The disagreement near H = 90°can be attributed to a narrow dispersion of the easy axis. Figure 4 shows three representative angular dependence of measured H C and H S . For all Fe-Cr films, H C is equal to H S near the easy axis, yet with increase of H , the two fields begin to deviate from each other with H C Ͻ H S . For a low Fe content of x = 0.38, H S increases from 20 to 120 Oe as H is increased from 0°to 90°. At the same time, H C initially increases with H but exhibits a peak at around 72°. When the Fe concentration is increased to 0.456, H S increases monotonically and H C decreases monotonically with increasing H , respectively. For a higher Fe concentration of 0.49, H C decreases monotonically with increasing H , yet H S displays a minimum at H = 50°. Figure 5 shows a plot of 1 / H S vs cos H for different Fe concentrations. For x = 0.38, the inverse H S is proportional to 12 For H Ͼ 80°, the variation of H S is deviated from that of the pinning model and the switching process is also accompanied by the magnetization coherent rotation, in addition to the pinning model. It is suggested that for H Ͼ 80°, the H p ͑ H ͒ is close to or larger than the switching field of the magnetization coherent rotation. For x = 0.40 and 0.425, the results are similar to that of x = 0.38. When x is increased from 0.38 to 0.425, the onset of cos H for the linear dependence is shifted, as indicated by arrows. For x = 0.40 and 0.425, the inverse H S obeys the proportional relationship with cos H in a narrower region of H . Actually, for x Ն 0.425, no linear dependence of the switching field is observed.
As discussed above, there are three possible magnetization reversal mechanisms for a ferromagnetic film with uniaxial anisotropy: coherent rotation, domain wall pinning, and the modified Kondorsky model. 2 In the coherent rotation model, the H S ͑ H ͒ has the so-called S-W angular dependence, in which the H S first decreases to reach a minimum at H = 45°and then increases with increasing H . The H C decreases monotonically when H is increased from 0°to 90°. In this case, the H p ͑0͒ is much larger than H K . In the second model, domain pinning and domain wall motion cause magnetization reversal and H S obeys a linear dependence on sec H . This sec H relation requires the strength of H p ͑0͒ to be much smaller than that of the H K . The Kondorsky model has been developed to describe the magnetization reversal when H p ͑0͒ approaches H K . Under this circumstance, both coherent rotation and the motion of domain wall contribute to magnetization reversal and the H S will obey neither the angular dependence of 1 / cos H nor that of the S-W model. Thus, the angular dependence of the H S is determined by the ratio of H p ͑0͒ / H K . From the above analysis, one can know that for x = 0.38 and 0.40 the magnetization reversal process is accompanied mainly by the motion of domain wall in a wide range of H , whereas for x Ͼ 0.425 the magnetization reversal process is accompanied by the modified Kondorsky model. From above analysis, one can know that the ratio H p ͑0͒ / H K is far smaller than 1.0 for x = 0.38 and 0.40 and is estimated to be equal to or larger than 0.5 for x = 0.425, 0.456, 0.49, and 0.52, as shown in the inset of Fig. 5 .
In order to study the uniaxial anisotropic field, the FMR spectra were measured at various orientations. Figure 6 shows typical FMR spectra of a Fe 45 Cr 55 film. A small reso- nance peak is observed in the low field region, which is possibly due to the switching of the magnetization upon application of the magnetic field. Only one resonance peak at high magnetic fields can be observed for all external field orientations. This confirms the homogeneity of the Fe-Cr films. The resonance field is shifted toward high magnetic fields with increasing H . From the FMR spectra, one can get the angular dependence of the resonance field. Figure 7 shows the results. Apparently, a uniaxial anisotropy exists. Since the resonance field is much smaller than the effective demagnetizing field, the in-plane angular dependence of the resonance field can be approximately described as follows 13 :
where is the resonance frequency, ␥ is the magnetogyric ratio, and 4M eff is the effective demagnetizing field. The results in Fig. 7 can be described by Eq. ͑1͒, and the uniaxial anisotropic field can be fitted. Figure 8 shows the variations of H S ͑0͒ and H K with the Fe content. For x Յ 0.425, H K is increased sharply and is much larger than H S ͑0͒. Since the magnetization switching is accompanied by the motion of domain wall for H Ͻ 80°, H S ͑0͒ = H p ͑0͒. Therefore, H K ӷ H p ͑0͒. So the prerequisite for the motion of the domain wall can be satisfied. For high Fe contents, H K and H E ͑0͒ have comparable values. During the switching process, both the motion of domain wall and the magnetization coherent rotation coexist. In this way, H S ͑0͒ is related to both H K and H p ͑0͒. Thus, it is suggested that H p ͑0͒ does not change significantly with the Fe content. As is well known, the H p ͑0͒ is induced by the inhomogeneity of microstructure and stress, and is determined by the first derivative of the domain wall energy with respect to the location. 7 Since Fe and Cr atoms have very similar lattice parameters, the microstructure of the Fe-Cr films and thus H p ͑0͒ do not change much as a function of the alloy composition. For this reason, one can understand the results in the inset of Fig. 5 . Figure 9͑a͒ shows the variation of the magnetization at room temperature with the alloy composition. The magnetization increases monotonically with the increase of the Fe content, which approximately agrees with that of SlaterPauling curve. 7 According to K U = H K M S / 2, one can easily calculate the uniaxial anisotropy K U as a function of the Fe concentration. Figure 9͑b͒ shows the K U dependence on the Fe content. As is well known, a uniaxial anisotropy can be induced in binary ferromagnetic alloy films. In Fe-Ni alloys, for example, the induced uniaxial anisotropy will have a maximum value when the atomic contents of Fe and Ni elements are close to each other.
14 However, in the present Fe-Cr alloys, the uniaxial anisotropy does not change much with the Fe content in the present composition region. This might be related to the specific spin structure of the Fe-Cr alloys. 8 Fortunately, the H K can be modified, changing the alloy composition since the magnetization increases with increasing Fe content and the K U in Fe-Cr alloy films changes little, as shown in Fig. 9 .
IV. CONCLUSIONS
In short summary, a Fe x Cr 1−x alloy film with a composition gradient ͑x = 0.38− 0.52͒ has been prepared by cosputtering. The Fe-Cr film has a bcc structure with ͓110͔ preferred orientation along the film normal direction. As the Fe content is decreased, the H K increases. Since the lattice constant of the Fe-Cr alloy film remains almost constant, H p ͑0͒ changes little with respect to the alloy composition. In contrast, the uniaxial anisotropic field shows strong composition dependence since the magnetization of the alloy decreases sharply when the Fe concentration drops in a narrow range. So the value of H K can have significant increases when Fe content is decreased. The will result in a remarkably control of H p ͑0͒ / H K in a wide range. Therefore, the magnetization reversal mechanism is evolved as a function of the alloy composition, from the displacement of the domain wall to modified Kondorsky model.
